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Abstract 
Modern markets are becoming increasingly competitive emphasizing the importance of achieving Right First Time (RFT) during 
the early design stage as a key enabler facilitating cost and time-to-launch (or time-to-market) reduction. One of the leading 
challenges to deliver RFT is the lack of effective methods to model product errors at early design stage. Usually, the assembly 
process is designed under the assumption of ideal (nominal) products. On the contrary, it has been demonstrated that product errors 
(both geometrical and dimensional) affect the performance of the final assembly. To facilitate easy decision making at early design 
stage, new methods and models are required to support design engineers. In this study, a framework has been proposed for early 
design support to generate product variation.  
International standard provides guidelines for product control and inspection (ISO-GPS or ASME-GD&T); however, the 
integration of tolerance standard into nominal sized CAD models is not yet achieved. Current, Computer Aided Tolerancing (CAT) 
tools mainly capable to model orientation and position tolerance specifications, whereas part shape errors are omitted. This paper 
presents an innovative physics-driven simulation framework to model shape errors of compliant sheet metal parts at early design 
stage. 
The modelling framework consists of three important stages: (i) initial shape error prediction using physic-based simulation, such 
as, stamping process simulation; (ii) individual orthogonal shape error modes/patterns identification based on decomposition 
techniques, such as, Geometric Modal Analysis (GMA); and, (iii) simulation of shape error variation classes by assigning 
distribution to each orthogonal shape error modes. The proposed approach enables to generate shape errors at early design stage of 
assembly process which can be utilized to optimize the assembly process, including fixture design and joining process parameters. 
An industrial automotive component illustrates the proposed methodology. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
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1. Introduction  
The frequency of new product introduction is increasing 
due to rapid changes in market demand. A successful 
response to this challenge requires shorter product 
development activity and early stage product responsiveness 
to dimensional and functional requirements for better 
understanding of product quality and performance. 
Reflecting this competitive market scenario, it has been 
proposed that the production life of an automotive vehicle 
will reduce to 1-2 years after which a new product will be 
introduced replacing the previous model [1]. To address the 
frequently changing market conditions, there is increased 
emphasis is on the Right First Time (RFT) philosophy 
particularly during early design stage. Therefore, to support 
RFT, design engineers will be requiring new tools to enhance 
product and process development during the design stage 
which will lead to better quality, fewer changes during 
product testing, reduced time-to-market and cost.  
Traditionally, a new product development process is based 
on the nominal product design data and embodied in 
Computer-Aided Design (CAD) models. In reality, 
fabricated parts and assemblies contain dimensional and 
geometric deviations from the nominal CAD due to material 
and, manufacturing process variation, tooling errors and 
springback [2,3]. Therefore, the product assemblability, 
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quality and performance depend on the real part geometric 
deviations or shape errors. It has been reported that around 
60 -70% product correctness is being reached at design stage 
with nominal geometry which leads to unpredicted failures 
during later stages of product development [4,5]. For 
example, current industrial practice for the automotive 
assembly process with compliant sheet metal parts leads to 
hundreds of modifications and process adjustments during 
the pre-production stage (after design release and process 
development) which are costly and time consuming. It has 
been reported that two-thirds of these modifications and 
changes are related to product dimensional and geometric 
variation [5]. Therefore, it is important to quantify the 
product shape variation during the early design stage of 
product development and design engineers should be assisted 
with the necessary virtual tools to support design of the 
product which will minimise or avoid future changes. 
To some extent, current Computer-Aided Tolerancing 
(CAT) tools, such as 3DCS, CE-TOL and VSA [6,7] address 
the aforementioned problems of shape variation modelling 
during the product development design stage. However, the 
traditional approach for product variability modelling is to 
treat parts as rigid. This has limited capability to model 
product variability through rigid body translations and 
rotations which are mainly referenced to the position and 
orientation of product geometries. Unfortunately, through 
rigid body movement, inherit shape variation cannot be 
modelled. Therefore, an efficient method is required to 
predict shape variation of the product. There have been 
several attempts made over recent years to model the 
compliant nature of sheet metal parts [8,9,10]. However, part 
shape errors are not explicitly considered in those 
approaches. Part shape errors have a significant impact on the 
dimensional and geometric quality of an assembly due to 
assembly level deformation [3,11,12]. Because of this it is 
important to develop and apply part shape variation 
modelling methods which will minimise or eliminate 
unnecessary changes.   
Limited efforts have been made to model the shape errors 
of sheet metal parts. Based on the input data requirement, the 
shape error modelling can be classified as: (i) models 
requiring part measurement data, and, (ii) models that do not 
need part measurement data. There are few approaches that 
have been developed to address part shape errors based on 
the measurement data [13,14,15]. These models can be used 
for accurate part shape error prediction. However, part 
measurement data is not available during the early design 
stages as parts have not been produced. One recent approach 
for shape variation modelling during the design stage is the 
geometry-driven morphing mesh approach. In this method 
the product mesh model is morphed to generate variational 
geometry [16,17]. However, before data for physical parts is 
available, it is not clear which area of the product should be 
morphed and by how much, in order to emulate real 
production part errors. Therefore, there is a clear need for 
physics-driven effective simulation framework which can 
generate part variation at design stage. The framework should 
also help statistical generation of part shape error instances, 
which can be linked to statistical tolerancing.  Currently, 
there is a lack of comprehensive physics-driven approaches 
to represent and generate random shape errors of 3D complex 
shaped parts during the design stage. Schleich and Wartzack 
[18] highlighted the current challenges associated with 
generation of variational part instances (shape variation) that 
conform to a pre-defined tolerance specification. Imperfect 
mating features of these variational parts play a major 
contribution toward the assembled product quality and 
functional performance.   
To address these concerns and to generate a part variation 
capability for use in early design stages, this paper proposes 
a physics-driven generic framework to emulate part shape 
variation. It models the shape error using physics-driven 
simulation and includes the random 3D shape errors to 
generate variational part instances. This framework supports 
intuitive understanding of the type of shape errors which 
might occur during production. Further, the model can be 
fine-tuned when measurement data is available. The current 
available approaches for shape variation modelling has been 
have been summarised in Table 1 together with the research 
gap addressed by this paper.  
Table 1. Research gap identification for shape variation modelling. 
Shape variation 
modelling 
With Measurement Data Without Measurement Data 
Geometry-
driven 
Huang et al.[14]; Das et 
al.[15]; 
Franciosa et al.[16]; 
Wagersten et al.[17]; 
Schleich and Wartzack [18] 
Physics-driven 
Samper and Formosa[13]; 
Samper et al.[19]; Proposed in this paper 
 
The reminder of the paper is organised as follows: Section 
2 proposes the framework for variation modelling during the 
design stage without measurement data with detailed 
subsections for the modelling. Section 3 demonstrates the 
proposed framework with an industrial case study from the 
automotive sector and the conclusions and closing remarks 
are presented in section 4.  
2. Variation modelling framework  
Due to the scarcity of information available during the 
early stages of product development, modelling of shape 
variation remains as a challenging task. Mainly, information 
concerning the product design i.e., CAD data is available. 
Variational part instances are to be generated based on the 
design data. The proposed framework comprises three major 
stages of variation modelling. Firstly, the physics-driven 
simulation of the part production, such as, simulation of the 
sheet metal forming process is performed. This represents 
initial shape errors which might present within the real part 
after the forming operation. Secondly, the complex shape 
errors are decomposed into orthogonal modes using 
geometric modal analysis (GMA) decomposition [15]. 
Lastly, as the individual decomposed modes are orthogonal 
to each other, they can be varied based on the assigned 
distribution to create variational part instances. The basic 
framework of the variation modelling is depicted in Fig. 1.  
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Fig. 1. Overview of shape variation modelling framework. 
2.1. Physics-driven shape error prediction 
During the initial stages of the development process, only 
CAD based nominal product is used in the assembly process 
design. However, sheet metal parts, fabricated by stamping 
processes, contain shape variation due to process variation 
such as press tonnage, shut height, press parallelism as well 
as springback errors [20,21,22]. Therefore, an assembly 
process built on nominal CAD data is an inaccurate 
representation that may lead to failure during manufacturing 
and assembly as the variation of real parts is not taken into 
account. Therefore, it is essential to model the shape errors 
as early as possible in the design process. Further, sheet 
metal parts produced by stamping process are not identical 
to each other in terms of inherit shape errors. The basic 
framework for part forming process simulation model is 
depicted in Fig. 2. 
Fig. 2. Physics-driven shape error prediction model framework.  
In order to emulate the real part errors, nonlinear finite 
element analysis based simulation can be useful to predict 
the errors which might occur during real production [23,24]. 
There are a variety of commercial forming simulation tools 
available, including AutoForm, HyperForm, and, 
DYNAFORM to predict the initial shape error at the design 
stage. This simulation based prediction model supports 
understanding of the shape error of actual part. The sheet 
metal forming simulation can be expressed as Eq. (1) where 
parameters (Key Control Characteristics –KCCs) are mainly 
material models, tool geometries, material flow, shut height, 
stamping velocity etc.   
 
Shape errors = forming function (CAD, KCCs)  (1) 
 
By using Eq. (1), the model can predict the shape errors 
of a single part. However, for statistical tolerancing and part 
variation modelling, single part shape error generation is not 
sufficient. Therefore, a basic shape error parametric model is 
required which can be varied within the defined limits to 
generate the variational part instances. 
2.2. Part shape error decomposition 
In order to generate variational part representatives for 
computer aided tolerancing, a basic building block based 
parametric approach is necessary. One of the common 
approaches adopted by geometric tolerancing communities 
is the implicit parametric model (IPM) [13,25]. It provides a 
unified approach and mathematical representation for 
decomposition of the complex errors into functional spaces. 
Using the proper functional basis for decomposition, 
satisfying orthogonality at the functional space, independent 
shape error modes/patterns can be obtained. Assuming the 
normality of the decomposed modes, they can be varied 
independently to create various modal instances which can 
be further composed to create variational parts. The basic 
framework for part shape error decomposition is depicted in 
Fig. 3. 
Fig. 3. Part shape error decomposition framework. 
The main objective is to create a basic building block for 
variation generation based on an analytical function by 
identifying the dominant error modes/patterns.  The shape 
errors obtained as per Eq. (1) need to be decomposed into 
orthogonal shape error modes. There are a few approaches 
adopted by researchers as decomposition techniques, such as, 
statistical modal analysis [14,26], natural mode 
decomposition [13,19] or geometric modal analysis [15]. To 
obtain the decomposed orthogonal shape error modes,  and 
Geometric Modal Analysis [15] based three dimensional part 
shape error decomposition approach has been used as noted 
in Eq. (2). The decomposed modes are independent of each 
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other and can be varied in terms of amplitude to generate 
variational part instances. 
 
Error modes = GMA function (CAD, Shape Errors)  (2) 
 
By combining Eq. (1) and (2), an implicit parametric 
model can be obtained for the early design stages of product 
development when measurement data is not available.  
2.3. Statistical variation characterisation  
The part variation modelling which replicates the 
randomness of fabrication processes and conforms to the 
assigned tolerance is still a challenge. Using the truncation 
based dimensionality reduction of decomposed modal 
parameters, and an assumed probability distribution function 
for selected modal parameters, random instances of shape 
variation can be generated. The generation of random 
instances should be subjected to tolerance zone constraints to 
maintain the virtual generation within statistical tolerance 
limits. The basic framework for statistical variation 
characterisation of the decomposed shape error modes is 
depicted in Fig. 4.   
Fig. 4. Statistical characterisation of decomposed shape error modes. 
The normal deviation based error at any particular 
location of the part or any feature should satisfy the tolerance 
requirement as in Eq. (3). 
 
Prob(-T ≤ Ndev(x,y,z) ≤ T) = p (3) 
 
where, T defines the tolerance zone, p is predefined in-
specification probability and (x,y,z) is the point location.  
The decomposed shape error modal parameters are 
represented as functional domain based transform 
coefficients, C(u,v,w),  the class of orthogonal 
transformations and u,v,w represent the modal position in 
functional space. The modes are varied by assigning normal 
distribution function ~N(μ, Σ), where μ is the mean of 
transform coefficient values and Σ  is a diagonal matrix with 
variances as its diagonal elements.  
During early stages of the development process, very 
limited or no information is available about the fabrication 
process. Therefore, to generate variational instances, the 
transform coefficient values as per Eq.(2) are assumed to be 
the mean of modal parameters. The variances of the modal 
parameters are chosen such that it satisfies the tolerance zone 
criteria as per Eq. (3). After assuming the modal parameters 
variances, a set of random modal parameters can be drawn to 
generate random variational part instances.  
3. Industrial case demonstration 
The proposed framework for variational pattern 
generation has been demonstrated with an industrial sheet 
metal part, i.e., the external panel of an automotive bonnet as 
shown in Fig.5(a). The external panel of the bonnet is 
assembled with the inner bonnet structure. It is an important 
part and subject to gap and flush errors arising from 
neighboring parts such as the fender, as well as perceived 
quality visualisation and skin defect conditions [17]. 
Therefore, excessive shape variation on the bonnet will affect 
the dimensional quality of fit onto the vehicle body as well 
as the visual quality.   
It is necessary to understand the type of shape variation 
which might occur during production to undertake 
preventive actions when designing fixturing to mitigate 
quality issues. During the early design stages, only the CAD 
model is available to the designer and the proposed variation 
modelling framework will help them to understand the 
product behavior in terms of variation.  
3.1. Physics-driven shape error prediction 
To predict the shape error which might occur during 
production of the part, sheet metal forming simulation has 
been performed using AutoForm®. The shape error within a 
stamped sheet metal part is mainly the result of springback 
due to release of forces introduced during the forming 
process. Part deformation based shape error simulation 
starting with a CAD model of the part involves several steps: 
(i) part tipping which is appropriate for production; (ii) 
material properties and material model definition; (iii) design 
of die, punch, blank and blank holder; (iv) defining the 
drawing and trimming operations to be performed on the 
part; and (v) finite element modelling based part shape error 
evaluation. Fig. 5(b) illustrates the deviation fields in the 
normal direction of stamped bonnet arising mainly from 
springback.  
                 (a)                                      (b) 
Fig. 5. External skin panel of bonnet for automotive structure (a) Nominal 
product, and (b) Normal deviation plot of bonnet after stamping simulation  
As this stage of simulation, the model predicts the 
complex nature of shape error associated within single part. 
However, with the aim of providing a further step towards 
the generation of variational part instances, a parametric 
model is required which can be varied in terms of amplitudes 
and satisfies to predefined tolerance specifications. This 
emphasises on orthogonal shape error decomposition based 
platform for variation generation. 
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3.2. Part shape error decomposition 
The obtained shape error from the previous step has to be 
decomposed into independent shape error modes for 
generation of variational part instances. The Geometric 
Modal Analysis (GMA) based decomposition technique has 
been adopted to decompose the obtained complex shape 
errors into orthogonal shape error modes. Fig. 6 shows the 
obtained shape error modes from the simulated external 
bonnet part. As the obtained shape error modes are 
orthogonal to each other, they can be parameterized by 
means of their values to obtain variational instances.  
Fig. 6. GMA based decomposition to main shape error modes.  
3.3. Statistical variation characterisation 
The decomposed shape error modes from the previous 
decomposition stage are assigned with the assumed normal 
distribution function which can generate points in the 
decomposed functional space and also to satisfy the 
tolerance zone requirements. Due to non-availability of part 
measurement data, one method of assigning variance to the 
modes is to keep the mean (decomposed modes coefficient 
value) to variance ratio constant. This implies that, higher 
modal mean values will poses higher variances. The 
representative means and the distributions of the modal 
parameters have been shown in Fig. 7, where the modes are 
arranged with monotonically decreasing coefficient values. 
By randomly drawing modal parameters, a set of variational 
virtual parts can be generated at the design stage as in Fig.8.   
Fig. 7. Statistical characterisation of the decomposed main shape error 
modes. 
Fig. 8. Virtual generation of variational part instances.  
4. Conclusions and final remarks 
The proposed simulation framework provides a 
systematic approach for generation of variational part 
instances during early design stages of product development. 
The proposed framework is composed of three major tasks 
(i) physics-based shape error prediction taking the nominal 
CAD model of the part as input; (ii) shape error 
decomposition techniques to obtain an implicit parametric 
model which can be used for shape error modes/patterns 
generation; and, (iii) statistical characterisation of the modes 
which can be used for variation generation. 
The proposed framework identifies and explores the 
following areas: 
x Modelling part variation simulation during early design 
stages with elimination of the measurement data 
requirement; 
x Early prediction in the design stage, of the most probable 
high risk regions in the assembly and actual faults which 
might occur during production; and 
x A simulation platform to generate various variational part 
instances which can be used for statistical geometric 
tolerancing considering free form shape errors 
 
Future work could take advantage of the proposed 
framework presented in this paper as follows: 
x Process capability analysis based on the non-conformity 
criteria can be obtained by imposing different shape error 
distribution generation and composition rules to represent 
variational pattern;  
x The obtained variational patterns can be linked with the 
process key control characteristics to synthesise the root 
cause of the variation; and   
x The framework model can be tuned with measurement 
data during pre-production stage. It can be utilised for 
process design, optimisation, and control to mitigate risk 
through proper design of the assembly process, including 
fixture design and assembly process parameters. 
Overall, the proposed modelling and simulation 
framework provides an advanced tool for product design 
engineers to simulate variation during early design stages 
and to assess the effect of the variation.  
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